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Abstract 
This article presents an experimental evaluation of a specially designed quartz tube solid particle air receiver. A new air intake 
tube was designed, which is conducive to realize solid particles fluidization inside a quartz tube under lower inlet air flow rate 
and very few particles were blown out of the receiver during operation. With the air intake tube, a single quartz tube solid particle 
air receiver was designed and manufactured. Concentrated solar radiation was absorbed and converted into thermal energy in an 
air flow by particles inside the receiver. Multi-condition experiments have been done to test the dynamic thermal performance of 
the receiver on a 10kWth solar furnace system. Experimental research focuses on the effect on the particle-air bulk temperature 
and outlet air temperature and their temperature difference with different particle diameters, particle volume fractions and inlet 
air flow rates. During the experiments, the maximum outlet air temperature obtained was 598.9°C, and in some working 
conditions the average temperature differences between particle-air bulk and outlet air were less than 50°C, showing good 
convective heat transfer between particles and air. The experiments resulted in the following conclusions: (1) smaller particles 
may lead to lower temperature difference between particle-air bulk and outlet air due to large specific surface area, (2) larger 
particle volume fraction leads to lower particle-air bulk and outlet air temperature difference, however, excessive particles cause 
poor fluidization state and heat transfer between particles and air, and thus higher temperature difference, (3) on condition that 
the particles and air are evenly mixed, higher inlet air mass flow rate results in lower temperature difference between particle-air 
bulk and outlet air. Besides, the fluidized state inside the receiver is dependent not only on the inlet air mass flow rate but also on 
the particle-air bulk temperature. The accumulated operating time of the receiver exceeded 20 hours without any major failure.  
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1. Introduction 
Higher temperature of heat transfer fluid offer the potential to increase the solar-to-electric conversion efficiency. 
Solar power tower and dishes have also been proposed with air receivers that feed hot air to a steam generator. The 
hot air temperature range is 700°C -800°C and the absorber working temperature usually more than 1100°C. Brayton 
cycle systems that use gas turbine with compressed hot air to produce electricity operating at temperature exceeding 
1,000°C may require volumetric air solar receivers working under high concentrated solar irradiation. Air receiver is 
a crucial issue for steam Rankine cycle or air Brayton cycle for plants that use air as the heat transfer fluid. 
Currently, the popular air receivers developed are volumetric type and tubular type, whose absorbers or tubes are 
heated directly by concentrated solar irradiation and kept stationary. Due to the optical characteristic of heliostats 
field or dish concentrator, the absorbers or tubes usually work under high, non-uniform, and unstable incoming heat 
flux of concentrated solar radiation. The “hot spot” damage is the most common problem of air receivers. To 
overcome the “hot spot” problem, the air flow rate is usually increased to enhance the heat transfer between the 
absorber or tube and air, which leads to the decrease of outlet air temperature. Using solid particles as absorber to get 
high temperature air is a promising and upcoming technology. During 1982 and 1992, the researchers of U.S. Sandia 
Laboratory [1-3] conducted a great deal of studies on solid particle solar receiver and obtained lots of valuable 
experimental data. Chen H [4] found that receiver efficiency decreased with particle diameter ranging from 200μm 
to 1000μm, smaller particles led to high outlet air temperature and high receiver efficiency. G. Flamant et al [5] 
tested the performances of packed bed and fluidized bed with silicon carbide and zirconium oxide particle as heat 
absorber, the results revealed that fluidized bed air receiver performed better than packed bed air receiver. Rudi 
Bertocchi [6] designed and fabricated a solid particle solar receiver with sub-micrometer carbon particles as heat 
absorber, outlet gas temperatures exceeding 2100 K were obtained with nitrogen, 1900 K with CO2, and 2000 K with 
air. In 2013, a five quartz tubes solid particle air receiver was developed, tested and resulted in some conclusions [7]. 
During the five-tube receiver study, one problem is that because cold air was supplied to the five tubes through only 
one air inlet, the air flow distribution of each tube was uneven, leading to different fluidized state inside each tube 
and poor controllability of the receiver. Besides, the fluidized state of each tube was dependent on the particle-air 
bulk temperature inside each tube.  Therefore, in order to reveal the effect of inlet air flow rate on the receiver 
performance, a single quartz tube receiver was designed and tested.   
 
Nomenclature 
dp       Particle diameter, mm 
f          Input electricity frequency of fan, Hz 
h         Height of particle layer inside a quartz tube, m 
L         Height of a quartz tube, m 
T         Particle layer height ratio, h/L 
2. Receiver design 
To obtain high-temperature outlet air, three key requirements must be satisfied. Firstly, solid particles are exposed 
to solar radiation with long residence time. Secondly, solid particles are fluidized under low inlet air flow rate. 
Thirdly, solid particles and air are evenly mixed to enhance the convective heat transfer between them.  
The layout of the single quartz tube solid particle air receiver is shown in Fig. 1. The receiver is composed of one 
quartz tube, air intake duct, solid particles, air inlet, air outlet and thermal insulation, etc. The outer diameter of the 
quartz tube is 40mm, thickness of 3mm and length of 500mm. The receiver uses silicon carbide particles as heat 
absorption materials, and air as heat transfer fluid. The air intake tube is a device that is conducive to realize solid 
particles fluidization inside the tube under low inlet air flow rate and very few particles were blown out of the 
receiver during operation. There are some holes on the air intake tube in the axial direction. One end of the air intake 
duct is sealed and the other is the air inlet. It should be pointed out that the air intake tube does not position along the 
602   Yanan Zhang et al. /  Energy Procedia  69 ( 2015 )  600 – 607 
central axis of the quartz tube. The air inlet locates at the bottom of the receiver while the air outlet on the top. The 
receiver is coated with thermal insulation to reduce heat loss.  
Solid particles stack freely in the quartz tube before running. When the receiver is in operation, cold air flows into 
the air intake tube from the air inlet and then outflows into the quartz tube from the holes on the air intake duct. 
Particles are blown under the influence of air pressure and circulate inside the quartz tube. Flowing particles absorb 
solar radiation into thermal energy, leading to their temperature rise. The heated particles collide with each other 
inside the quartz tube so that they fully contact with air because of air buoyancy and particles gravity. Cold air is 
heated by the sufficient convective heat transfer between particles and air. The hot air outflows to the atmosphere 
from the air outlet. 
 
                                        
    (a) Photo of working receiver                               (b) Schematic diagram of air intake tube 
Fig.1 Single quartz tube solid particle air receiver 
3. Experimental system 
The experimental system is shown in Fig.2. The system consists of a solar furnace, solid particle air receiver, fan, 
inverter, air mass flow meter, data acquisition system, and other connection parts. The input electricity frequency of 
the fan was adjusted by the inverter to control the inlet air mass flow rate, which was measured by the air mass flow 
meter. Type K thermocouples are used to measure the inlet air temperature, outlet air temperature and particle-air 
bulk temperature. All experimental data are online collected by a data collection instrument. The working system is 
shown in Fig.3. The apparatuses used in the experiments are listed in Table 1. 
 
         
           Fig.2 Experimental system                                                       Fig.3 Photo of receiver in operation 
 
1-Heliostatˈ2- Parabolic concentratorˈ3- Data acquisition instrumentˈ4 - Data display and recordingˈ5-Air receiverˈ6 -Thermocouplesˈ 
7- Air mass flow meterˈ8-Fanˈ9-Inverter 
 
 
Particle dense phase zone 
a b 
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Table 1 Experimental apparatus 
Name Specification Number Remark 
Fan 20kPaˈ145 m3/h 1 3 phase 
Inverter SBREL S200-P0022T3B 1 2.2 kW 
Thermocouple  Type K 10 Classĉ 
Air mass flow meter RCL-52  1 0-30Nm3/h 
Data acquisition instrument HP Agilent 34970A 1 3M/60C 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 Type K thermocouple location 
In order to measure the particle-air bulk temperature, one thermocouple was inserted in the particle dense phase 
zone where it contacted well with the flowing particles and avoided being directly exposed to solar radiation; another 
thermocouple was set on the top of the quartz tube to measure the outlet air temperature, as is shown in Fig.4. 
Define f as the input electricity frequency of the fan, dp as particle diameter, =
h
L
T  as height ratio, meaning the 
particle volume fraction, where h is the particle layer height of free stack particles inside the quartz tube, L is the 
height of the quartz tube. During the experiments, dp is set to 3mm and 1 mm, respectively, and the quartz tube 
height is set to 0.5m. Experiments were done under 18 working conditions by varying dp, T and f, as is shown in 
Table 2.  
Table 2 Working conditions list 
Experiment No. Operating Parameters 
1 dp=3mm, Ʌ=0.40, f=20Hz 
2 dp=3mm, Ʌ=0.40, f=22Hz 
3 dp=3mm, Ʌ=0.40, f=24Hz 
4 dp=3mm, Ʌ=0.45, f=20Hz 
5 dp=3mm, Ʌ=0.45, f=22Hz 
6 dp=3mm, Ʌ=0.45, f=24Hz 
7 dp=3mm, Ʌ=0.50, f=20Hz 
8 dp=3mm, Ʌ=0.50, f=22Hz 
9 dp=3mm, Ʌ=0.50, f=24Hz 
10 dp=1mm, Ʌ=0.40, f=20Hz 
11 dp=1mm, Ʌ=0.40, f=22Hz 
12 dp=1mm, Ʌ=0.40, f=24Hz 
13 dp=1mm, Ʌ=0.45, f=20Hz 
14 dp=1mm, Ʌ=0.45, f=22Hz 
15 dp=1mm, Ʌ=0.45, f=24Hz 
16 dp=1mm, Ʌ=0.50, f=20Hz 
17 dp=1mm, Ʌ=0.50, f=22Hz 
18 dp=1mm, Ʌ=0.50, f=24Hz 
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4. Experimental results 
Since the input solar energy and heat flux distribution are unknown, leading to the failure of calculating the 
receiver efficiency. The research mainly focuses on the average temperature difference between particle-air bulk and 
outlet air. Low temperature difference means that the particles and air inside the quartz tube are evenly mixed and 
the convective heat transfer between them is high, avoiding the “hot spot” problem which often occurs in volumetric 
air solar receivers.  
Because the trend of particle-air bulk temperature, outlet air temperature and inlet air mass flow rate under 
different working conditions are similar, some representative experimental results are presented. Finally, all the 
experimental results will be summarized. 
4.1 Experiment 1 
Experiment 1 was carried out on April 30th, 2013, from 15:18 to 15:48. Fig.5 shows the results of experiment 1. 
DNI varied between 848W/m2 and 884W/m2. The particle-air bulk temperature and outlet air temperature gradually 
increased with time, besides, the outlet air temperature was lower than the particle-air bulk temperature. The 
maximum outlet air temperature is 498.7ć, and the maximum particle-air bulk temperature is 646.8ć. The inlet air 
mass flow rate decreased from 9.66NmϢ/h to about 8.7 NmϢ/h while the particle-air bulk temperature increased. As 
the inlet air mass flow rate was low, the particles and air were not evenly mixed, resulting in insufficient heat 
transfer between particles and air. Therefore, the average particle-air bulk and outlet air temperature difference was 
high, about 150ć. 
 
       
               (a) DNI (15:18-15:48, April 30th, 2013)                            (b) Temperature and air mass flow rate with time 
Fig.5 Results of Experiment 1  
4.2 Experiment 3 
Experiment 3 was carried out on April 30th, 2013, from 16:26 to 17:16. Fig. 6 shows the result of experiment 3. 
From 16:25 to 16:56, DNI gradually deceased from 805W/m2 to 743W/m2. There is a small decrease in particle-air 
bulk temperature while the outlet air temperature remained relatively steady. And there was little change in the inlet 
air mass flow rate, about 12.1 NmϢ/h. Compared with Experiment 1, the rise in inlet air mass flow rate led to lower 
particle-air bulk and outlet air temperature difference, about 57ć. The maximum outlet air temperature is 432.4ć at 
16:26 and the maximum bulk temperature is 543.3ć at 16:27.  
At 16:55, the light spot was removed from the receiver while the fan continued running, the particle-air bulk 
temperature and outlet air temperature gradually decreased with time. The particle-air bulk temperature fell faster 
than the outlet air temperature. With the decline of particle-air bulk temperature, the inlet air mass flow rate 
increased without changing the fan input electricity frequency.  
a b 
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             (a)  DNI (16:26-17:16, April 30th, 2013)                       (b) Temperature and air mass flow rate with time 
Fig.6 Results of Experiment 3 
4.3 Experiment 8 
Experiment 8 was carried out on May 1st, 2013, from 12:23 to 12:56. Fig.7 shows the results of experiment 8. 
DNI varied between 797W/m2 and 904W/m2. The particle-air bulk temperature and outlet air temperature gradually 
increased and then tended to be stable. The maximum outlet air temperature is 598.9ć at 12:41, which is the highest 
of all the experiments, and the maximum particle-air bulk temperature is 627.4ć at 12:40. The inlet air mass flow 
rate decreased with time, from 10.8Nm3/h to 10.3Nm3/h. The temperature difference between particle-air bulk and 
outlet air was very low, about 27ć. 
 
          
            (a)  DNI (12:23-12:56, May 1st, 2013)                (b) Temperature and air mass flow rate with time 
Fig.7 Results of Experiment 8 
4.4 Experiment Summary 
The summarized results of temperature difference of all the 18 experiments are shown in Fig.8. The maximum 
outlet air temperature is 598.8ć in Experiment 8, and the minimum average temperature difference is 11ć in 
Experiment 14. Besides, in Experiment 8, 9, 11, 12, 14 and 17, the average particle-air bulk and outlet air 
temperature differences are below 50ć, showing high efficiency of convective heat transfer between particles and 
air. 
a 
a 
b 
b 
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Fig. 8 Summarized experimental results of average temperature difference between particle-air bulk and outlet air 
5. Conclusions 
A single quartz tube solid particle air receiver is designed and manufactured. Experiments have been done to test 
the dynamic thermal performance of the receiver. Experimental study focuses on the effect of particle diameter, 
particle volume fraction and inlet air mass flow rate on the particle-air bulk temperature, outlet air temperature and 
their temperature difference. The following conclusions are drawn. 
(1) Smaller particles may lead to lower temperature difference between the particle-air bulk and outlet air. 
(2) According to Experiment 2, 5 and 8, on condition that the particles and air are evenly mixed, higher particle 
volume fraction leads to lower temperature difference between the particle-air bulk and outlet air. 
(3) According to Experiment 7, 8, and 9, with a lower inlet air mass flow rate, the particles and air inside the 
receiver are not evenly mixed, resulting in high particle-air bulk and outlet air temperature difference and low 
outlet air temperature. Increase the inlet air mass flow rate, the average temperature difference may decrease, 
depending on the fluidized state inside the quartz tube. If particles and air are evenly mixed, the average 
temperature difference decreases, as is shown in Experiment 3 and 12; if not, the average temperature 
difference increases, as is shown in Experiment 6, 9, 15 and 18. 
(4) With a constant fan input electricity frequency, the variation in the particle-air bulk temperature causes the 
variation in the inlet air mass flow rate, as is shown in Experiment 3 and 9. Higher particle-air bulk 
temperature results in lower inlet air mass flow rate. 
Experiments suggest that the receiver can work smoothly and reliably with appropriate operating parameters. For 
scaled-up utilization, the design can be used as cavity receiver or external cylinder receiver by parallel operation, but 
its uneven air flow distribution, complex gas-solid flow, heat transfer, solar radiation transmission and other issues 
require in-depth study. 
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